The conformation of DNA bound in nucleosomes depends on the DNA sequence. Questions such as how nucleosomes are positioned and how they potentially bind sequence-dependent nuclear factors require near-atomic resolution structures of the nucleosome core containing different DNA sequences; despite this, only the DNA for two similar α-satellite sequences and a sequence (601) selected in vitro have been visualized bound in the nucleosome core. Here we report the 2.6-Å resolution X-ray structure of a nucleosome core particle containing the DNA sequence of nucleosome A of the 3′-LTR of the mouse mammary tumor virus (147 bp MMTV-A). To our knowledge, this is the first nucleosome core particle structure containing a promoter sequence and crystallized from Mg 2+ ions. It reveals sequence-dependent DNA conformations not seen previously, including kinking into the DNA major groove.
The conformation of DNA bound in nucleosomes depends on the DNA sequence. Questions such as how nucleosomes are positioned and how they potentially bind sequence-dependent nuclear factors require near-atomic resolution structures of the nucleosome core containing different DNA sequences; despite this, only the DNA for two similar α-satellite sequences and a sequence (601) selected in vitro have been visualized bound in the nucleosome core. Here we report the 2.6-Å resolution X-ray structure of a nucleosome core particle containing the DNA sequence of nucleosome A of the 3′-LTR of the mouse mammary tumor virus (147 bp MMTV-A). To our knowledge, this is the first nucleosome core particle structure containing a promoter sequence and crystallized from Mg 2+ ions. It reveals sequence-dependent DNA conformations not seen previously, including kinking into the DNA major groove.
chromatin | nucleosome | DNA | X-ray structure | MMTV D NA in eukaryotic cells is wrapped repeatedly in nucleosomes to form chromatin, the substrate engaged by the nuclear machinery to carry out repair, replication, recombination, and transcription of genomes. Nucleosome mapping in situ combined with biochemical studies has revealed that nucleosome positions determine access to DNA regulatory sequences essential to these processes (1, 2) . Nucleosome position is determined chiefly by DNA sequence and ATP-dependent chromatin remodeling factors (3) (4) (5) . The nucleosome includes a linker DNA of variable length and a nucleosome core containing a histone octamer and 147 bp of DNA (6) . Many high-resolution structures of nucleosome cores with differing DNA sequences are required to see how the details of DNA conformation could affect nucleosome positioning and dynamics, as well as nuclear factor binding. The DNA studied would most interestingly represent natural sequences of transcription promoters and enhancer elements.
Our knowledge of sequence-dependent structure of DNA bound in the nucleosome core relative to the amount of DNA bound in genomes is extremely limited. A resolution of at least 2.6 Å is necessary to evaluate differences in DNA conformations and assess solvent interactions adequately. To date, this highly reliable "library" of DNA structural information pertinent to the nucleosome core consists primarily of two similar sequences of half α-satellite repeats and half the artificially "evolved" sequence 601 (7) (8) (9) (10) . Further investigations have been limited to substitution of short sequence elements in one of the α-satellite sequences (11, 12) . These high-resolution structures have hinged on using palindromic sequences to avoid twofold averaging imposed by crystal packing. The lack of twofold symmetry in the full 601 sequence, for example, resulted in superposition of the electron density of the two different half-sequences (9) .
We describe here the X-ray structure of a nucleosome core particle (NCP) containing a DNA sequence from mouse mammary tumor virus (MMTV) determined at 2.6 Å resolution. To our knowledge, this is the first NCP structure containing a sequence from a transcription promoter, and it reveals new sequence and nucleosome-dependent DNA conformations. This NCP represents the MMTV-A nucleosome and includes the first 143 bp of the MMTV transcript, and although the entire asymmetric sequence was used, the usual twofold averaging of nucleosome core halves did not occur. A palindromic sequence was not required to obtain a clear image of the entire DNA. An engineered variant of the histone H4 tail used appears to be important for this lack of averaging. This variant also allowed the structure to be crystallized using magnesium rather than manganese divalent cation, yielding, to our knowledge, the first look at an NCP under conditions closer to physiological than before.
Results
The MMTV-A NCP structure (MMTVA) was determined by molecular replacement using the 1.9-Å structure of the α-satellite palindromic (ASP) NCP [Protein Data Bank (PDB) ID code 1kx5] (7). MMTVA was rebuilt and refined using multiple rounds of energy refinement and simulated annealing (Table S1 ). The electron density for the DNA allowed the entire 147-bp sequence to be built unambiguously in the B-form. Over 900 water molecules could be placed in the structure. However, it was not possible to distinguish Mg 2+ ions from water reliably. In one case, the octahedral ligand geometry permit Mg 2+ ion assignment, and coincided with the interparticle bridging Mn 2+ ion seen in the ASP structure (6). The DNA-backbone path deviations between MMTVA vs. ASP were assessed by aligning only the H3-H4 tetramer components of the two structures yielding rmsd of 1.83 and 1.77 Å for backbone phosphate groups and C 4 ′ atoms, respectively. By comparison, the rmsd for C α of the H3-H4 tetramer and the H2A-H2B dimers were only 0.27 and 0.40 Å, respectively. The deviations between the two different DNA sequences are generally elevated along each strand between phosphate groups not bound directly by the histone-fold DNA-binding motifs L1, L2, and A1 (8, 13) (Fig. 1A and Fig. S1 ). The largest distortions of the MMTVA DNA double helix relative to that for ASP are located in the major groove blocks at SHL +2, SHL ±5 and SHL ±7 (Fig. 1B) . Superhelix location (SHL) and major and minor groove blocks have been defined previously (8) . The rmsd of the phosphate groups bound to the H2A-H2B dimers is 2.08 Å, significantly larger than for the H3-H4 tetramer at 1.42 Å. Neither MMTVA nor ASP contain overwound,
Significance
The DNA in eukaryotic organisms is packaged in nucleosomes, the fundamental repeating unit of chromatin. The ability of essential transcription regulatory factors to bind genomic recognition sites is contingent on the sequence-dependent conformation of DNA bound in nucleosomes. Our knowledge of the structure of nucleosome DNA is severely limited. The crystal structure of the nucleosome core particle reported here incorporating mouse mammary tumor virus promoter DNA provides new insight into the sequence-dependent structure of DNA as it exists in chromatin. stretched DNA within the confines of the four histone-fold pairs, and therefore both DNA structures have the same registration of phosphate groups along the histone octamer surface.
The histone-fold DNA-binding motifs, L1, L2, and A1, interact primarily with two adjacent phosphate groups on each strand for each turn of the double helix, thereby guiding the form of the superhelix and placing constraints on the local conformation of the double helix (8, 14) (Fig. S1 ). The backbone deviation between the two structures is an indicator of the conformational flexibility of the DNA bound in the NCP and can be analyzed at each phosphate position by calculating the rmsd summed over all eight single-strand regions bound to the histone folds (Fig. 1C) . Overall, a single histone fold spans 23 phosphate groups of a single strand from the L1 5′ to the L2 3′ primary phosphate group (i through i+22) (8) . The center of the DNA strand bound between the L1 and L2 motifs is bound by the A1 motif of the paired histone fold. Three base pairs are directly bound via either or both of their 5′ and 3′ phosphate groups to the paired L1L2 sites and A1A1 sites, leaving only 1 or 3 bp not directly constrained by primary phosphate groups in minor groove or major groove blocks, respectively. The L1 and A1 motifs along a single strand are generally separated by nine phosphate groups, except for H4-L1 to H3-A1, where this separation is eight. This arrangement results in two special locations. The minor groove block at SHL ±4.5 and the major groove block at SHL ±2 have, respectively, 2 and 4 bp instead of 1 or 3 bp not directly constrained by primary phosphate groups (Fig. S1 ). Many of the phosphates not designated as primary binding groups also make histone interactions with, e.g., the H3 αN helix and the arginine side chains associate with each minor groove block. However, these interactions do not appear to constrain the DNA conformation as effectively as those made by the histone-fold motifs. The overall rmsd of the DNA backbone at the primary phosphate positions is limited to ∼1 Å, whereas the remaining positions between DNA-binding motifs show considerable variation between MMTVA and ASP (Fig. 1C) .
The greater propensity of MMTVA DNA to contort compared with ASP DNA is indicated by the mean curvature of 10.8°( σ = 6.8°) vs. 9.8°(σ = 5.1°) for the curvature of the DNA superhelix over the central 128 bp steps, the region bound by the histone-fold pairs. This difference stems from the greater degree of kinking, both in number and magnitude, for MMTVA vs. ASP (Fig. 2) . The phosphodiester backbone segments in and adjacent to SHL −5, SHL +2, SHL +2.5, and SHL +5 show the largest deviations between MMTVA and ASP (Fig. 1A) . These differences do not result from disorder or imprecise chain placement because the temperature factors in these regions are among the lowest in the DNA structure (Fig. S2) . The major groove block at MMTVA SHL −5 is dominated by a CA=TG kink (−52, −51) at the central base-pair step, whereas for ASP there is a TA kink 
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Relative phosphate position (−51, −50). In contrast, the major groove block at MMTVA SHL +5 is dominated by an undertwisted (18.2°) GG=CC step (+50, +51) that is correlated with an overtwisted (51.0°) and kinked GG=CC step (+46, +47) in the adjacent minor groove block at SHL +4.5 (Fig. S3) . This undertwisting appears to affect the conformation of the adjacent base pairs causing the large deviations seen. Magnesium ions are possibly bound to the major groove in this region due to the high GC content (+46 to +55: GGTCGGCCGA) and may contribute to the DNA conformation here. The sequence of MMTVA SHL +2 through SHL +2.5 consists mainly of poly-C (TCCCCCCGCA) and shows large deviations from the equivalent region in ASP (TTGATG-GAGC). The GATGG sequence for ASP is also found at MMTVA SHL −2 to SHL −2.5 and shows a substantial deviation from the pseudo twofold-related MMTVA SHL +2 to SHL +2.5. This difference is likely important for the asymmetry found in the crystal packing. The large deviations between the MMTVA and ASP backbones at SHL −5 to SHL −5.5 (J-strand +53 to +56), SHL +5 to SHL +5.5 (I-strand +53 to +55), and SHL +2 (I-strand +23, +24) consist not only of lateral displacements of the entire double helix, but also of differences in the phosphate position along the backbone by approximately one-half base-pair step, including phosphates directly bound by histone-fold DNA-binding motifs (Fig.  S4 ). These major groove blocks contain 6 bp compared with the others, which have 5 bp (Fig. 1) , and are the principal sites for DNA stretching previously observed for ASP (PDB ID code 1kx4, 146 bp; PDB ID code 2nzd, 145 bp), NCP146b (PDB ID code 1kx3, 3utb, 146 bp) and nucleosome cores containing three versions of the 601 sequence (e.g., PDB ID code 3lz1, 145 bp) (7, 9, 14, 15) .
Three primary modes of DNA bending contributing to the form of the nucleosome core superhelix are apparent: (i) kinking in minor and major groove blocks, (ii) shift-assisted bending in minor groove blocks, and (iii) smooth bending in major groove blocks. The number of kinked base-pair steps based on total curvature is 14 for MMTVA and 9 for ASP (Table 1 and Methods, Analysis). Kinks in minor groove blocks typically comprise an extreme value for the roll base-pair step parameter and a roll/slide/twist correlation (8) . The CA=TG kink is by far the most frequent, but others such as the GG=CC step at MMTVA SHL +4.5 also occur and can display the same roll/slide/twist correlation. The preference for CA=TG steps at kinks is consistent with the bendability exhibited in oligonucleotide structures (16) . Nevertheless, the GG=CC steps at SHL +4.5 kinks strongly despite the adjacent CA=TG step (not kinked) in the same block. A GG=CC step was also noted to kink in a minor groove block in the 145-bp ASP structure containing stretched DNA (15) . The TC=GA (−17, −16) step in the minor groove block MMTVA SHL −1.5 kinks predominantly via tilt instead of roll and is combined with shiftassisted bending. Kinks also occur in major groove blocks (Fig. 2) . For MMTVA, these kinks occur at CA=TG (SHL −5, −4, −3, +6), CG (SHL −2) and CC=GG (SHL +4; Fig. 3A) . On reexamining ASP using total curvature to define DNA bending, major groove blocks are seen to be kinked at CA=TG (SHL +2), TA (SHL −5), and AA=TT (SHL −2). Major groove kinks do not reveal any obvious correlation between base-pair step parameters such as the roll/slide/twist correlation seen for minor groove kinks. Of the 10 unique base-pair steps, only AT and GC steps do not show any kinking (Table 1 ). The AT step may be particularly resistant to kinking because it does not occur in any minor groove block bound to a histone-fold pair in either MMTVA or ASP.
The sequence CTTG in the SHL −4.5 minor groove block appears to have both its AG=CT and CA=TG steps kinked --------6---------5---------4---------3---------2---------1---------0---------1---------2---------3---------4---------5---------6--------- -7---------6---------5---------4---------3---------2---------1---------0---------1---------2---------3---------4---------5---------6---------7 --- AA=TT  14  25  39  1  AC=GT  21  14  35  1  1  AG=CT  18  18  36  1  3  5  AT  5  15  20  CA=TG  21  28  49  7  7  2  2  CC=GG  25  14  39  3  4  3  CG  10  10  1  2  GA=TC  22  16  38  1  5  2  GC  8  8  16  1  6  TA  2  8  10  1  Total  146  146  292  14  9  18  18 Only genomic sequences are counted to avoid biases from unnaturally selected sequences. The kinked CA=TG and GA=TC steps at SHL +7 were not counted due to possible effects from DNA end-to-end stacking between particles.
sufficiently to bend the block into the superhelix (Fig. 2) . However, the bending in this block is complex and better described using strand-specific parameters (Fig. 3B) . In this case, the CTTG strand is extensively kinked (39.1°) at the CT step, whereas the CAAG strand is kinked at both the CA (39.8°) and AG (26.8°) steps. The AA step between them bends opposite (−10.1°) to the superhelical curvature. Both AT base pairs in this step have large propeller twist with T -45 A 45 at −43°, the most extreme in either MMTVA or ASP. The conformation of these three steps is stabilized by three cross-chain, bifurcated hydrogen bonds, one for each step (T −46 -O 2 and G 47 -N 2 ; T −46 -O 4 and A 45 -N 6 ; and T −45 -O 4 and C 44 -N 4 ). Cross-chain hydrogen bonds occurring in AA=TT steps have been implicated in chain stiffening and should play a similar role here (16) . There are five further locations in MMTVA (−26, −25; −15, −14; −6, −5; +15, +16; +37, +38) and two locations in ASP (−16, −15; +5, +6) where the curvature into the superhelix in one strand of a basepair step exceeds the opposite strand by more than 34°as for the CA=TG (−45, −44) step. All of these locations are in minor groove blocks. However, except for SHL −4.5 containing the AA=TT step central to this strand-distributed kink, all other kinks are immediately compensated for by similar curvature in the opposite strand in an adjacent base-pair step.
The second primary mode of DNA bending occurs by alternation of the shift base-pair step parameter, described previously for ASP as smooth bending in minor groove blocks (8) . Alternation of shift in minor groove blocks facilitates bending by reducing the steric interference between the edges of base pairs. The total number of shift-assisted base-pair steps is 18 both for MMTVA and for ASP (Table 1, Fig. S3 , and Methods, Analysis).
The third primary mode of DNA bending is smooth bending in major groove blocks. There are 9 blocks in this category for MMTV and 12 for ASP. Unlike bending in minor groove blocks, bending into the major groove is less sterically encumbered (17) . Consequently, the DNA sequence is less constrained, as indicated by rmsd curvatures for major and minor groove base-pair steps of 12.2°and 14.7°for MMTVA, and 10.9°and 12.0°for ASP, respectively. Indeed, consensus sequences extracted from positioned nucleosomes in systematic evolution of ligands by exponential enrichment (SELEX) studies demonstrate minor groove blocks dominate sequence dependency in the nucleosome core (10, 18) .
Unlike minor groove blocks, each with an arginine side-chain inserted, bending in major groove blocks must be governed purely by intrinsic sequence-dependent flexibility because the only contacts with histones are with the primary phosphate groups at the ends of the blocks. The only exceptions are at major groove blocks SHL ±1, where the guanidinium group of H3 R40 interacts with the minor groove on the opposite face of the DNA. Coincidentally, the base-pair steps at −9, −8, and +8, +9 in these blocks display an out-of-phase preference for AA/TT/AT/TA steps (1). To explain this preference, the proximity H3 R40 was suggested to favor AT-rich vs. GC-rich steps on electrostatic grounds (19) . However, in MMTVA, R40 makes a hydrogen bond with G −8 -N 3 of step C −9 G −8 in SHL −1 (2.8 Å) and with T 9 -O 2 of step T 8 T 9 in SHL +1 (3.1 Å). In ASP, R40 makes a hydrogen bond with A 9 -N 3 of step G 8 A 9 in SHL −1 (3.0 Å) and again symmetrically in SHL +1. These interactions suggest a direct readout of sequence does not determine the sequence preference here. Likewise, steric interference due to a G-N 2 group is unlikely because it can be accommodated in any of the four possible base positions without interfering with H3 R40. A larger, sequencedependent context may play a role at this site.
A histone H4 variant, H18R, was used to improve the diffraction quality of MMTVA crystals. The H18R substitution was made to potentially strengthen crystal interparticle interactions based on the observation that several proteins bind the acidic patch of the nucleosome core analogously to the H4 tail, but have an arginine side-chain at the position homologous to H 18 (20) (21) (22) . In the crystal packing of ASP, the DNA at SHL +2 is bound by an H4 tail (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) , whereas at the twofold symmetric SHL −2 it is not (6, 23). ASP H4 R 17 H 18 R 19 , localized by the interactions of the adjacent K 20 , V 21, and R 23 side chains with the H2A-H2B acidic patch of the neighboring NCP, binds the backbone of the SHL +2 TC step. This interaction apparently results in the displacement of the kink occurring at AA=TT in SHL −2 to the adjacent CA=TG step in SHL +2. For MMTVA, the H4 sequence 17-20 has reoriented due to H18R binding the acidic patch, extending the interaction with the neighboring NCP. The orientation of H4 variant R 18 is similar to wild-type H4 H 18 bound to a negatively charged patch of the BAH domain in the BAH domain/NCP structures (20, 24) . As a consequence, the R 17 and K 20 side chains are in close proximity to the opposite side of the phosphate group at SHL +2 position −21 (Fig. 4) . The DNA backbone here is displaced by 2.4 Å relative to the histone octamer compared with its position at MMTVA SHL −2 (or to ASP SHL ±2). In the context of the H4 H18R variant, potential steric interference of the R 17 and K 20 side chains with the DNA backbone may result in discrimination between the SHL +2 and SHL −2 sequences. Notably, SHL +1 through SHL +2.5 inclusive was the region used to determine the orientation of the MMTVA DNA initially because it had the lowest temperature factors (Figs. S2 and S5) . Therefore, it is unlikely that this region is more flexible than the twofold-related region, and that differential flexibility accounts for the selective binding. Other aspects of the crystal packing may, however, contribute to the asymmetric arrangement. For example, the other histone-tail pairs also make asymmetric interparticle DNA interactions. Moreover, the DNA superhelices themselves make contacts between particles and may be an influence.
Discussion
This study furthers our knowledge of DNA conformation for natural DNA sequences bound in the nucleosome core by over twofold. MMTVA is the first NCP structure containing a RNA Pol II transcription start-site and represents the +1 nucleosome in the MMTV 3′-LTR. Although the overall path of the DNA double helix in the NCP superhelix is highly similar for MMTVA and ASP with the overall backbone rmsd less than 2 Å, the local deviation can be much larger, exceeding 5 Å (Fig. 1 A and B) . The combined deviations for the DNA backbone over all histone folds show that the DNA-binding elements L1, A1, and L2 suppress sequence-dependent conformation locally on the bound strand (Fig. 1C) . The intervening positions, however, have substantial sequence-dependent variation, at the level observed for nuclear factors recognizing DNA sequence specifically.
The previous analysis of ASP at 1.9 Å revealed that NCP DNA adopts its superhelical form by kinking and shift-assisted bending in minor groove blocks and by smooth bending in major groove blocks. The current analysis of MMTVA and reanalysis of ASP newly reveals kinking in major groove blocks occurring at MMTVA SHL −5, −4, −3, +4, and +6, and ASP SHL −5 and ±2. Both major and minor groove kinks occur predominately at CA=TG steps (Table 1) . However, kinked base-pair steps also occur in the major groove at CC=GG, TA, and AA=TT and in the minor groove at AC=GT, AG=CT, GA=TC, and CC=GG. The latter three of these were also seen to be kinked when coupled with DNA stretching in a 145-bp version of the ASP structure and an NCP containing a variant of the 601 DNA sequence (9, 15) . The two most flexible base-pair steps are CA=TG and TA, and the preference for CA=TG vs. TA kinking in the minor groove has been discussed (8) . It is notable that CA=TG steps are also important for kinking in major groove blocks, emphasizing their biflexibility. At MMTVA SHL −3.5, a kinked GT=AC step is uniquely combined with shift-assisted bending. Notably for shift-assisted bending, the base pair shared by shifted base-pair steps is always a GC base pair (Fig. S3) , presumably due to the requirement to relieve steric interference from the extracyclic guanine N 2 atom projecting into the minor groove. Conversely, neither MMTVA nor ASP have shiftedassisted bending involving AA=TT, AT, or TA steps.
The AA=TT step has been frequently implicated in nucleosome positioning by virtue of its lack of bending and stiffness (25, 26) . Indeed, it has been found as a positioning signal in the middle of minor groove blocks by in situ nucleosome mapping (1) . The strand-dislocated kink at MMTVA SHL −4.5 displays a conformation that can explain this positional propensity. The large propeller twists of the AA=TT step base pairs at the center of minor groove blocks evidently favors kinking in the adjacent basepair steps. Although the SHL −4.5 strand-distributed kink is unique, the ASP SHL ±3.5 and SHL ±3.5 minor groove blocks also contain the sequence TTG in which the TG step is kinked.
DNA stretching occurs variably at SHL ±2 and SHL ±5 for MMTVA, ASP, NCP146b, and NCP containing 601-based sequences. The importance of DNA stretching for formation of a compact higher-order structure of nucleosomes and its likely ubiquitous presence in nucleosomes containing genomic DNA, based on sequence periodicity considerations, has been discussed previously (8, 27) .
Sequence-dependent recognition of DNA wrapped on the nucleosome core may play a functional role for pioneer transcription factors such as FoxA, Oct4, Sox2, and Klf4 (28, 29) . Unfortunately, there are no structures of pioneer factors bound to a nucleosome, and the existing structures of nucleosome corebinding proteins bound to a NCP are nonspecific complexes that make little contact with NCP DNA (20, 22, 30) . The recent structure of the prototype foamy virus integrase bound to NCP shows that this enzyme makes substantial contact with SHL ±3.5, but the low resolution does not permit a deeper analysis (31) . The integrase binds preferentially to SHL +3.5, and though the dyad position (origin) of the D02 DNA fragment most thoroughly studied is not known to base-pair accuracy, AG′GTAG,TT [prime sign (′) and comma (,) denote integration cleavage sites] is the sequence mapped at this location. The SHL +3.5 major groove block (minor groove facing outward) contains AGGT, and this sequence is coincidentally found at MMTVA SHL +4.5. In MMTVA, the GG step is kinked and the most highly overtwisted (51°) base-pair step in the structure. Although the H2A N-terminal tail was found to be crucial for complex formation and is most probably the NCP feature most selective for integration at SHL ±3.5, sequence-dependent DNA structure as seen in MMTVA may also be important.
The transcription factor NF-Y is a histone-fold dimer that mimics the H2A-H2B dimer structurally and in DNA binding (32) . Superposition of NF-Y bound to a 25-bp cognate DNA with MMTVA H2A-H2B bound to SHL −5.5, −3.5 inclusive shows that the CA=TG step in the recognition-site sequence CAATT and SHL −5 align and that both of these base-pair steps are kinked. The NF-YA subunit, which is additional to the NF-Y histone-fold dimer, contributes to the specificity of binding by inserting a phenylalanine side-chain into a kinked CA=TG step from an α-helix bound in the DNA minor groove. Analogously, kinks in major groove blocks in nucleosome core DNA could contribute to sequence-specific minor groove recognition by transcription factors.
Methods
Crystal Preparation. DNA for MMTVA was chemically synthesized (Life Technologies) and cloned to make milligram quantities of the 147-bp sequence (6) . MMTVA was prepared from recombinant Xenopus laevis histones and DNA fragments (6) . MMTVA samples [10 mM Tris·Cl (pH 7.5), 0.1 mM EDTA, 10 mM KCl] were concentrated to 4-6 mg/mL using Vivaspin500 spin concentrators (Sartorius) and filtered through 0.1-μM spin filters (Millipore). Crystals were grown by vapor diffusion using sitting drops in 24-well Cryschem plates (Hampton Structure Determination. Diffraction datasets were collected from two crystals (300 0.4-s frames of 0.1°at 10 positions each, 100 K, wavelength 0.99988 Å) at the Swiss Light Source (X06SA) using the Pilatus 6M detector. Data were indexed using XDS and CCP4 REINDEX, and scaled with SCALA (33) (34) (35) . Molecular replacement was performed with PHASER using ASP (PDB ID code 1kx5) with the histone N-terminal tails removed (7, 36 ). Refinement and modelbuilding were performed using CNS and COOT, respectively (37, 38) . The best PHASER solution was rigid-body refined, and then successive iterations of simulated annealing (2,500 K initial, −25 K steps), manual model building (sigmaA-weighted, solvent-flattened 2F o -F c and F o -F c maps), B-factor refinement, and energy minimization (maximum-likelihood targets on amplitudes) were carried out (39) . Restraints were applied to the DNA to preserve hydrogen bonding within base pairs (NOE), to maintain purine and pyrimidine base planes (planarity) and to fix deoxyribose rings in the C2′-endo conformation (dihedral). Composite omit maps were calculated by systematic exclusion of 5% of the map sections coupled with simulated annealing of the model (300 K initial, −50 K steps) (40) . These maps showed that the DNA is B-form and its sequence is distinct throughout. Notably, crystals incorporating wild-type H4 or divalent cations other than Mg 2+ (e.g., Mn
2+
) yielded, at best, 3.0-Å resolution and were averaged by molecular twofold symmetry.
Water molecules were assigned exhaustively in rounds of selection and refinement of unassigned positive peaks in F o -F c difference maps using CNS. A peak was selected for refinement if there was a neighboring atom within 4.0 Å (center to center), and the distance between it and other atoms was greater than 2.6 Å (2.0 Å for O or N). After each round, assignments with occupancy less than 0.7 (final 0.65), B-factor greater than 150, or residue R-factor larger than 0.45 (final 0.50) were deleted. A water molecule was reassigned as a candidate Mg 2+ ion if it had a distance to an O atom less than 2.4 Å or more than four O atoms were within 3.4 Å (K + assignments
were not made). Categorization based on occupancy, B-factor, residue R-factor, and ligand geometry yielded no significant effect on R free . The final refinement included 936 water molecules, 1 Mg 2+ ion, and 4 Cl − ions.
Analysis. DNA parameters were calculated with CURVES5.3, and DNA curvatures were calculated as previously described (8, 41) . For the range of roll and tilt angles found in NCP, the curvature can be expressed as the root of the sum of the squares of these two base-pair step parameters. Kinked basepair steps were identified previously using the component of DNA (magnitude ≥ 18.0°) directed into superhelix formation (8) . A kink indicated that the DNA curvature required to maintain a superhelical path at a minor groove block occurred predominately in a single base-pair step. In this study, a total curvature ≥ 18.0°is used to define kinked base-pair steps (Fig. S6A) . Using this simple definition, several kinks occur in major groove blocks and two MMTVA blocks contain two kinks. Shift-assisted bending occurs in minor groove blocks and requires that a base-pair step with a positive shift value be followed by one with a negative value. This criterion indicates that a base pair is shifted toward the major groove relative to its two adjacent neighbors. The threshold for the shift magnitude used is 0.9 Å (Fig. S6B ). Molecular alignments and figures were made with CHIMERA (42).
